It is estimated that over five billon people are presently infected with herpes simplex virus (HSV) type 1 (HSV-1) worldwide. The perpetual HSV pandemic is due in large part to the ability of the virus to establish latent infections that persist for the life of the host. These latent infections periodically reactivate, which can lead to contagious surface lesions, stromal keratitis (an important cause of blindness), and rare but fatal encephalitis (59) .
During acute infection of sensory ganglia, some neurons are productively infected and die, while concomitantly in other neurons a latent infection is established (23, 44) . After the acute stage of infection ends, viral proteins are very rarely detected during latency, and these rare positive neurons are thought to be undergoing reactivation (12, 39, 42, 48) . Viral genetics, inoculation titer, and route of infection are important parameters that influence the number of neurons in which latency is established (41) . In mice, as many as 25% of the neurons in a trigeminal ganglion (TG) can become latently infected, and the individual neurons in this reservoir contain variable numbers of viral genomes ranging from 1 to Ͼ1,000 (36, 38-41, 46, 53-55) . These values are in general agreement with estimates of latency in human TG (7, 27, 58) . The latent virus can reactivate following a variety of stressful stimuli (59) , and the percentage of neurons in which latency is established as well as the average number of viral genomes present have been shown to correlate with the frequency of reactivation in the mouse model (38) (39) (40) (41) (53) (54) (55) . The molecular mechanisms that regulate reactivation are not known.
A central question is how reactivation from latency is initiated in neurons in the absence of the virion proteins that are critical for initiating lytic-phase transcription from the viral genome, such as VP16. Various stressful stimuli can lead to reactivation from latency ( Fig. 1 ). These systemic stresses induce changes in the physiologic state of sensory neurons that contain the latent viral genome (42) . If stressinduced changes result in detectable viral proteins in a neuron, the viral genome has exited the latent state. Thus, the process of reactivation has been initiated in these neurons. The initiation of reactivation is highly correlated with pro-gression to infectious virus production (reactivation) with wild-type strains of HSV-1 (39) .
A favored hypothesis is that the promoter for the viral ICP0 gene responds to stress-induced signals and the ICP0 protein serves to initiate reactivation from latency (11, 15, 16, 20, 28) . ICP0 is a multifunctional protein that can regulate the levels of both viral and host proteins at the transcriptional, translational, and posttranslational levels (11, 14) . Another potential mechanism for ICP0 altering host and perhaps viral gene expression is the interaction of ICP0 with host cell histone deacetylases (13, 21, 32, 34, 61) . Indeed, several studies have demonstrated that ICP0 null mutants reactivate less efficiently (as measured by the detection of infectious virus) than the wild type when assayed in vitro (1, 3, 6, 16, 20) .
Importantly, excising and explanting the ganglia result in rapid, widespread changes in the physiology of the ganglion cells, including neurons. These changes do not occur during reactivation in vivo (42) , raising the possibility that in the explant setting, the role of viral proteins such as ICP0 could be obviated or obscured. Since it is critical to unambiguously determine the viral gene(s) and its (their) promoter(s) that initiate reactivation, we examined the potential role of ICP0 for the initiation of reactivation in vivo. The long-term goal for these studies is to identify the responsive viral promoter elements to gain insight into the cellular factors and, ultimately, the signaling cascade that mediate reactivation following subjection to stressful stimuli.
Distinguishing between a requirement for ICP0 in the initiation of reactivation and one for the efficient production and/or detection (i.e., plaquing efficiency) of infectious virions has not been attempted. We have recently developed approaches that can distinguish between these possibilities. For example, while viral thymidine kinase (TK)-negative mutants do not produce infectious virus (reactivate), they do express lytic-phase viral proteins (initiate reactivation) in sensory neurons following hyperthermic stress in vivo (42, 45) . Therefore, the number of neurons in which HSV exits latency can be quantified in the absence of infectious virus production.
Here we report the results of experiments designed to directly investigate the role of ICP0 in the initiation of reactivation from latency in vivo. The strain 17synϩ ICP0 null mutants dl1403 (50) and FXE (10) did not reactivate in vivo (as assayed by infectious virus production), and the KOS-based ICP0 promoter mutant, ⌬Tfi (9), was severely impaired. Thus, ICP0 appears to be required for the production of detectable infectious virus during reactivation in vivo. However, the ICP0 null mutants did enter the lytic cycle as efficiently as the parental strain, as evidenced by the number of neurons expressing viral lytic-phase proteins. Further, ⌬Tfi promoter mutant initiated reactivation as efficiently as ⌬TfiR and the parental wild-type virus. We conclude that the initiation of reactivation occurs by a mechanism that does not require ICP0 function.
MATERIALS AND METHODS
Viral strains and stock production. Virus stocks of laboratory strains 17synϩ and KOS/M and of the various mutants employed in this study were generated by routine propagation on rabbit skin cell (RSC) monolayers. Infected cells were harvested and sonicated, and the titer of each stock was determined by serialdilution plaque assay on RSC monolayers. The wild-type HSV-1 strain 17synϩ was originally obtained from John H. Subak-Sharpe at the Medical Research Council Virology Unit in Glasgow, Scotland. The ICP0 null mutants dl1403 and FXE were kind gifts of Nigel Stow and Roger Everett at the Medical Research Council Virology Unit in Glasgow, Scotland, and their construction and characterization have been described previously (10, 50) . ⌬Tfi and its genomically restored companion virus, ⌬TfiR, were a kind gift of David Leib at Washington University, and their construction and characterization have been reported previously (8, 9) .
Construction of viral mutants. All viral DNA sequences were derived from the isolate of strain 17synϩ described above. The methods for inserting promoter/ reporter gene cassettes into the gC locus were previously detailed (52) (53) (54) 57) . Briefly, the promoter/reporter cassette was inserted into the gC gene at the XbaI site at bp 97669 on the viral genome in the orientation opposite to that of gC to limit promoter occlusion or interference effects. All restriction enzyme sites and FIG. 1. Schematic of HSV reactivation from the latent state following stress. Stressful stimuli induce changes within sensory neurons that induce virus reactivation from the latent state. Many studies have shown that infectious virus is produced in latently infected ganglia when explanted in vitro (49) . Recently, more-refined analysis at the single-cell level has demonstrated that many thousands of neurons harbor the latent viral genome but that the latent virus in most neurons does not exit the latent state following explant in vitro or hyperthermic stress in vivo. In a very few neurons (Ͻ0.1%) viral lytic-phase proteins can be detected, indicating virus entry into the lytic cycle (36, 38, 39, (41) (42) (43) (44) (45) (53) (54) (55) , which we term the initiation of reactivation. Once the latent state has been exited, the lytic-phase proteome is expressed and infectious virus is produced, peaking at 22 h poststress in vivo (44) . It has been hypothesized that stress-induced signals operate on the ICP0 promoter and that ICP0 initiates the exit from the latent state by modifying the host cell environment as well as transactivating other viral genes (11, 15, 16) .
base pair numberings are referred to as the corresponding positions in the published HSV-1 sequence of strain 17synϩ (24, 30) as present in GenBank (NID g1944536). To generate the ICP0 promoter/beta galactosidase (␤-Gal) reporter mutant employed here, a 563-bp fragment containing the ICP0 promoter and the entire 5Ј untranslated region through the methionine translation start codon of ICP0 was fused in frame with the ␤-Gal reading frame, flanked by XbaI sites, and inserted into the gC locus at bp 96318 in a manner exactly analogous to a previously described insertion of a reporter cassette into the gJ locus (56) .
Inoculation of mice. All procedures involving animals were approved by the Children's Hospital or the University of Cincinnati Institutional Animal Care and Use Committee and were in compliance with NIH guidelines. Animals were housed in American Association for Laboratory Animal Care-approved quarters. Male outbred Swiss Webster mice (22 to 25 g in weight; Harlan Laboratories) were used throughout these studies. Prior to inoculation, mice were anesthetized by intraperitoneal injection of sodium pentobarbital (50 mg/kg of body weight). A 10-l drop containing 1 ϫ 10 5 PFU was placed onto each scarified corneal surface. As indicated in the text, in some experiments the inoculum titer was altered to achieve uniform levels of latent infections as previously detailed (38, 55) .
Replication in vivo. Groups of mice were infected as described above, and at the indicated times postinfection three mice from each inoculation group were individually assayed for virus. Eyes and TG were removed, homogenized in 1 ml of culture medium, clarified by centrifugation at 800 ϫ g for 3 min, and assayed for infectious virus titer on RSC monolayers.
Quantification of latent infections by contextual analysis of latency. Mice were infected as described above and maintained for at least 40 days postinoculation (p.i.) Enriched neuron populations were obtained, and individual neurons were assayed for the presence of the latent viral genome as described previously (36, 38-41, 46, 53-55) . To assess the rare neurons that contain very high viral genome copy numbers, samples containing 10 neurons were employed as described previously (36, 38, 39, 53, 55) . Products were electrophoresed, blotted, probed with an internal 32 P-labeled oligonucleotide, and quantified on a PhosphorImager (Molecular Dynamics) using ImageQuant software.
In vivo reactivation. Latent HSV was induced to reactivate in the ganglia of mice in vivo by use of hyperthermic stress (44) . At 22 h postinduction, TG pairs were removed and homogenized in cell culture medium, and the entire homogenate was adsorbed to an RSC monolayer in a single well of a six-well dish (Falcon). After 1 h, the wells were rinsed, maintained for 3 days, and examined for the presence of infectious virus. The ICP0 null and promoter mutant ganglion extracts were plated on the ICP0-expressing L7 cell line (35) (a kind gift of Neal DeLuca, University of Pittsburgh).
Explant reactivation. Latently infected ganglia were aseptically removed, placed into minimal essential medium supplemented with 5% newborn calf serum, and incubated at 37°C in a 5% CO 2 incubator as described previously (42) . At the indicated times postexplant, ganglia were homogenized and plated exactly as described previously for reactivation in vivo.
Antibodies and immunohistochemistry. HSV proteins were detected in whole ganglia processed as described previously (22, 39) . Ganglia were incubated overnight in phosphate-buffered saline containing 2% bovine serum albumin, 5% dimethyl sulfoxide, 5% normal horse serum, and 0.5 l/ml of the rabbit anti-HSV antibody (AXL237; Accurate) or rabbit anti-ICP0 antibody (Zymed) as described previously (45) . After being rinsed for 5 h with multiple changes of phosphate-buffered saline, ganglia were incubated overnight in horseradish peroxidase conjugate, rinsed for 5 h, and developed in 0.1 M Tris (pH 8.2) containing 250 g diaminobenzidine and 0.004% H 2 O 2 as described previously (39, 42, 56) .
Analysis of RNA expression. Fifty male Swiss Webster mice were inoculated via corneal abrasion with 10 5 PFU of HSV-1 strain 17synϩ. The efficiency of acute replication was monitored by replication kinetic analysis of eyes and trigeminal ganglia pooled from three mice/group on days 2, 4, and 6 p.i. At Ͼ40 days p.i., 27 mice were subjected to HS, which induces reactivation of latent virus in vivo. Ganglia from 15 of the mice were harvested at 20 h post-HS and analyzed for infectious virus as described previously. The remaining mice were sacrificed at 1, 3, 8, and 20 h post-HS, and ganglia (six at each time point) were snap-frozen in liquid nitrogen. Ganglia from three untreated latently infected mice were harvested and snap-frozen in a manner identical to that used for the HS group. RNA was extracted from the tissue by utilizing Ultraspec (Biotecx) according to the manufacturer's directions. The quality and quantity of RNA were assessed on ethidium-stained agarose gels. The annealing temperatures were optimized for each primer pair and ranged from 60 to 65°C. A dilution series of template DNA was used to compare the relative efficiencies of the primer pairs utilized. Probed products were exposed to phosphorimaging screens and quantified using Imagequant software.
Forward (F), reverse (R), and probe (P) oligonucleotides employed in these studies are as follows: ICP0 upstream of mRNA cap site, CCATTGGGGGAA TCGTCACTG (F), TTCTGTGGTGATGCGGAGAGG (R), and AGTGCCG AGGTGCAAATGC (P); ICP0 unspliced RNA, AGCAGGGGGGCAGGAC TTTG (F), TTCTGTGGTGATGCGGAGAGG (R), and CGTCAATCAGCA CCCACGAG (P); spliced ICP0 mRNA, GCATTTGCACCTCGGCACTC (F), GGTCTCGGTCGCAGGGAAAC (R), and CCTCTCCGCATCACCACA GAAG (P); ICP4 upstream of mRNA cap site, CCTCCGCTGCTCCTCCTTC (F), GCGAGCGTCTGACGGTCTG (R), and CGACACGGATCCACGACCC (P); ICP4, CGACACGGATCCACGACCC (F), GATCCCCCTCCCGCGCTT CGTCCG (R), and ACCGCCAGAGACAGACCGTCAGA (P); ICP22, TCCG ACGACAGAAACCCACC (F), GACCACAGTGGCTTCCCCC (R), and CG AGCAGGAAGCGGTCCAC (P); ICP27, AAGATGTGCATCCACCAC AACC (F), GCAATGTCCTTAATGTCCGCC (R), and CCTTTCTCCAGTG CTACCTGAAGG (P); ICP47, TGGAAATGGCGGACACCTTC (F), ATTAC GGGGACTGTCGGTCAC (R), and CCACACCCAAGGATGCGTTG (P); and SKD3, AGAACGCACCGAGCTCCCATAC (F), CATTAGAGCTGCAT CCTTGTTGG (R), and TCCTAGCCCCGAAGAAACACTC (P). Other oligonucleotide sets for various HSV-1 regions mentioned in the text but not shown in Fig. 2 are available on request.
Reverse transcription-PCR (RT-PCR).
One half of the total RNA from six ganglia was treated with DNase (RNase free) for 45 min in the presence of RNase inhibitor. The DNase was heat inactivated (70°C/15 min), and the RNA was divided into six 8-l aliquots, each of which was incubated with a downstream primer for 10 min at 70°C. The reverse transcriptase (RT) reaction mix was added to each RNA/primer sample, which was then divided into two aliquots. The temperature was reduced to 50°C, and Superscript II (Invitrogen) was added to one of each primer sample pair. cDNA synthesis was halted after 1 h by heating samples to 70°C for 15 min. One half of each reaction mix with and without RT (5 l) was added to 44.75 l of PCR mix containing the appropriate amplification primers. Following a "hot start," 0.25 l of Taq was added, and amplification was carried out for 35 rounds. Ten microliters of the PCR product was electrophoresed through acrylamide gels, transferred to nylon membrane, probed with a 32 P-labeled internal oligonucleotide, and analyzed as described above.
RESULTS
Analysis of viral transcriptional changes in trigeminal ganglia from latently infected mice after hyperthermic stress. If ICP0 initiates reactivation from latency, it follows that ICP0 mRNA would be the first viral transcript produced following a reactivation stimulus. Arguing against this possibility is the previous report that viral transcripts of the early class were detected prior to immediate early (IE) mRNA in explanted latently infected ganglia (51) . We examined the kinetics of RNA expression during reactivation in vivo. Latently infected animals were subjected to hyperthermic stress, a procedure that rapidly induces reactivation (44) , and RT-PCR was utilized to determine the viral transcripts detected at early times after hyperthermic stress.
Mice were infected on scarified corneas with 1 ϫ 10 5 PFU of strain 17synϩ and maintained for at least 40 days p.i. Total RNA was isolated from pooled ganglia, and cDNAs were generated from specific primers and amplified by PCR as described in Materials and Methods. Initially, assays were performed to detect RNAs corresponding to the five immediate early genes of HSV-1 as well as to the beta/early gene encoding thymidine kinase, and RNAs corresponding to all of these regions were detected prior to hyperthermic stress (Fig. 2 , top panels, and data not shown). Using this semiquantitative approach, no consistent increases in the levels of any of these RNAs were detected at 1, 3, or 20 h after hyperthermic stress. RNAs were also detected 5Ј of the known transcription start Fig. 2A and B and data not shown). Since these RNAs were detected within the promoter sequences, these RNAs were not transcribed from the IE gene promoters. Kramer and Coen first reported viral transcription from the TK and ICP4 loci as well as 5Ј of the ICP4 transcription start site during latency (19) , and the presence of virus-related RNAs other than LAT during latency has been detected in other studies as well (4, 5, 19, 31, 33) . The findings presented here confirm and extend these results by demonstrating that by use of RT-PCR analyses, RNAs corresponding to many regions of the viral genome are detectable during latency. To determine if spontaneous reactivation events could account for the presence of these transcripts, individual latently infected ganglia were assayed. Viral RNAs related to ICP4, ICP0, ICP22, ICP47, ICP27 (all encoded by IE genes), TK, VP5 (encoded by early genes), VP16 (encoded by a leaky late gene), and UL15 (encoded by a late gene) were detected in about 80% of the ganglia examined ( Fig. 2C and data not shown). However, viral protein-positive neurons (evidence of initiation of reactivation) were found in fewer than 1 in 15 ganglia (reference 39 and data below), supporting the consistent but low frequency of spontaneous reactivation in mice that has been observed by others (12, 48) . This strongly suggests that the RNA detected was not the result of spontaneous reactivation. The biological significance of this transcriptional activity during latency is not known, but the continuous presence of these RNAs does obfuscate the interpretation of RT-PCR analyses during reactivation.
Of interest is the fact that spliced forms of ICP0 and UL15 mRNAs were not detectable in latently infected ganglia prior to hyperthermic stress but were detected after hyperthermic stress (Fig. 2C) . Significantly, properly spliced ICP0 RNA was detected within 1 hour after hyperthermic stress, whereas spliced UL15 transcripts were not detected until later. Thus, the presence of spliced ICP0 mRNA transcripts might serve as an early marker for reactivation.
Upregulation of transcription from the ICP0 promoter is detectable within 1 hour after hyperthermic stress. We next determined whether the detection of spliced ICP0 mRNA correlated temporally with the upregulation of the ICP0 promoter, as it was possible that hyperthermic stress induced the processing of preexisting ICP0-related transcripts. Mice were latently infected as described above with an ICP0 promoter/ reporter virus in which the Escherichia coli ␤-Gal gene was expressed from a 562-bp ICP0 promoter in the gC locus. RNA was isolated from TG both prior to and 1 hour after hyperthermic stress.
␤-Gal-related RNA was not detected in untreated animals but was found at 1 hour after hyperthermic stress in treated animals (Fig. 2D ). These results demonstrate that the ICP0 promoter is upregulated within 1 hour poststress. Further, since the reporter construct resides within the unique long segment, this upregulation was position independent and was 
ICP0 is required for reactivation from latency in vivo.
To determine the requirement of ICP0 for reactivation in vivo, three ICP0 mutant viruses were employed (Fig. 3) . In mutant dl1403, a large deletion removes much of the carboxy terminus of the ICP0 protein (50) , and in mutant FXE, a small deletion removes the zinc ring finger binding domain of ICP0 (10) . Both mutations eliminate the transactivating function of ICP0 (10). The ⌬Tfi mutant contains a 350-bp deletion in the ICP0 promoter that results in a reduction in ICP0 protein production at early times p.i. in Vero cells. Importantly, the ICP0 protein produced is fully functional (8, 9) .
Mice were infected on scarified corneas and shaved and abraded whisker pads with virus as indicated below (see Fig. 5  and 7 ). Lytic-phase replication kinetics in inoculated surface tissues and in the trigeminal ganglia were determined as described in Materials and Methods. These data are shown graphically in Fig. 4 . As reported previously, there was a marked reduction in the titer of infectious virus detected in mice infected with mutants dl1403 and FXE (not shown) at the corneal surface, snout, and in the nervous system (Fig. 4A) , whereas the replication of ⌬Tfi was reduced compared to that of the rescue ⌬TfiR at these sites, but less so (Fig. 4B) (9) . The ratio of the area under the curve (AUC) for dl1403/17synϩ in the ganglia was 0.012 compared to 0.25 for ⌬Tfi/⌬TfiR. In the eyes, snouts, and TG, the AUC for strain 17synϩ was significantly greater than that of dl1403 (P Ͻ 0.0001). All of the AUC for ⌬Tfi were significantly lower than those for ⌬TfiR as well (P ϭ 0.0023 [snout]; P Ͻ 0.0001 [eyes and TG]). Additional animals were maintained for 40 days p.i. and subjected to either axotomy/explant or hyperthermic stress. Ganglia homogenates were plated on the ICP0-complementing cell line L7 (35) . All ganglia from mice latently infected with the ICP0 null and promoter mutants reactivated within 9 days when placed into explant cultures, a finding similar to those from previous studies (1, 3, 6, 9, 16, 20) . In vivo, however, while latent virus reactivated in 70% (7/10) animals infected with wild-type 17synϩ 22 h after hyperthermic stress, the reactivation of latent virus was not detected in animals infected with the ICP0 null mutants dl1403 and FXE at this time (0/20 and 0/20, respectively) (Fig. 5) . In order to rule out the possibility that in the absence of ICP0 in vivo reactivation was merely delayed, additional mice latently infected with dl1403 were examined at 48 h after hyperthermic stress. As was observed at 22 h after hyperthermic stress, virus was not detected in any of the mice examined (0/18).
Establishment of latency. ICP0 null mutants have been shown by quantitative PCR on total ganglion DNA to establish latent infections less efficiently than wild-type virus (1, 3, 16, 20) . We have shown previously that the number of neurons in the latent pool is directly correlated to reactivation frequency (38, 41, 55) . Therefore, a reduction in the number of latently infected neurons in ICP0 null mutant-infected mice could account for the apparent inability of these mutants to reactivate in vivo. Since one goal of these experiments was to determine the specific role of ICP0 in reactivation in vivo, it was important to determine precisely how the lack of ICP0 affected the establishment of latent infections. Contextual analysis (CXA), in which individual neurons are examined by PCR for the presence of the viral genome (36, 38, 41, 54) , was employed to determine the percentage of neurons latently infected.
Ganglia from additional mice from the groups described above were analyzed. Mutants dl1403 and FXE established latent infections in 6.9% or ϳ1,400 and 5.8% or ϳ1,200 neurons per ganglion, respectively. 17synϩ established latency in 25% or ϳ6,000 neurons per ganglion (Fig. 5) . Clearly, the reduction in the number of latent infections established by the mutants would have a negative impact on the frequency of reactivation, as we have previously shown (36, 38, 40-42, 46, 53-56) . Therefore, it was important to employ strategies to equalize the number of latent infections in mutant-and wild type-infected mice.
It was not possible to substantially increase the number of latent infections established by the mutants by altering the inoculation titer. In addition, the strategy of immunosuppression, previously reported to enhance the establishment of KOS-based ICP0 mutants (16) , resulted in unacceptable levels of mortality with 17synϩ-based mutants. Therefore, the inoculation titer of strain 17synϩ was reduced to yield roughly equivalent levels of establishment of latency (Fig. 5) . When the inoculation titer was reduced to 1,000 PFU of strain 17synϩ, latency was established in about 6.5% or ϳ1,300 neurons per ganglion. Viral reactivation was detected in 20% of these mice (4/20) within 22 h after hyperthermic stress, while none was detected in the animals infected with dl1403 (0/20) or FXE (0/20). In a second experiment, virus reactivated in 6/12 mice latently infected with 17synϩ, whereas no reactivation was detected in mice latently infected with dl1403 (0/56; P Ͻ 0.0001) (see Fig. 9A ).
In vivo reactivation of ⌬Tfi. If the expression of ICP0 is the precipitating event that initiates the reactivation of HSV from the latent state, the ICP0 gene promoter must contain elements that respond to signals induced by stress in latently infected neurons. Previously, Davido and Leib showed that ⌬Tfi reactivated from latency in explant cultures in vitro with the same frequency and kinetics as the wild-type parental and genomically restored virus (9) . This finding was unexpected because the deletion in the ICP0 promoter in ⌬Tfi removes all of the signals known to regulate IE gene expression (Fig. 6) . The authors suggested that promoter elements that regulate ICP0 expression during acute infection might be distinct from those involved in regulation during reactivation (9). However, it remained possible that the promoter elements deleted from ⌬Tfi could play an important role in the regulation of reactivation in vivo.
Confirming prior results (9), ⌬Tfi reactivated in explant with timing and frequency the same as those for wild-type KOS and ⌬TfiR. At 22 h postexplant, infectious virus was detected in 44% (7/16) of TG pairs latently infected with ⌬Tfi and in 47% (7/15) of those latently infected with ⌬TfiR. However, when examined in vivo, infectious virus could not be recovered from ⌬Tfi mutant-infected TG pairs after hyperthermic stress (0/ 20), even though infectious virus was recovered from 6/16 TG pairs latently infected with ⌬TfiR (P ϭ 0.0041; Fisher's exact test) (Fig. 7) . Importantly, the ganglia induced to reactivate in vitro and in vivo were analyzed identically. We have shown for ganglia latently infected with the wild-type strain KOS and 17synϩ that the number of neurons positive for viral proteins and the amount of virus detected in the reactivating ganglia are not different at 22 h postinduction following either explant in vitro or hyperthermic stress in vivo (42) . Since this assay successfully detected infectious virus in the ⌬Tfi mutant-explanted ganglia, trivial reasons for the negative results in vivo, such as the less efficient reactivation of strain KOS (41) or inefficient plaquing of the ICP0 mutants, could be ruled out.
As detailed above, it was necessary to quantify the number of latently infected neurons in TG infected with ⌬Tfi and ⌬TfiR to determine if a reduction in latent infections could account for the absence of reactivation of ⌬Tfi in vivo. Of the 244 PCRs performed on individual latently infected neurons from ⌬Tfi-infected mice, 44 (18%) were positive for the viral genome. In ⌬TfiR-infected TG, 25.9% of neurons (54/208) contained the latent viral genome (Fig. 7) .
To determine the reactivation phenotypes at equal levels of latency, the number of neurons latently infected was either decreased (⌬TfiR) or increased (⌬Tfi) by decreasing or increasing inoculation titer, respectively. In the first experiment, an inoculation titer of 4 ϫ 10 5 PFU of ⌬TfiR resulted in ganglia containing ϳ17% of neurons latently infected (17/100), very close to the 18% (44/244) observed for ⌬Tfi-infected TG. As anticipated, mice latently infected with ⌬TfiR did show reactivation. In this case, 37.5% (6/16) mice tested positive for infectious virus after hyperthermic stress. In the second experiment, in mice inoculated with 2 ϫ 10 7 PFU of ⌬Tfi, latency was established in 28% (23/82) of neurons. In this group of mice, reactivation of the ⌬Tfi mutant was detected, but in only 1 of 20 mice (5%). This was significantly less than the 47% (9/19) reactivation observed in ⌬TfiR-infected mice, in which 26% (54/208) of the neurons were latently infected (P Ͻ 0.0033; Fisher's exact test) (Fig. 7) .
Although the numbers of latently infected neurons in the trigeminal ganglia were nearly identical, it was still possible that the latent infections established by ⌬Tfi differed qualitatively from those established by ⌬TfiR. It has been shown previously that the number of viral genome copies in individual neurons can differ among latent pools and that a reduced average genome copy correlates with a reduction in reactivation frequency (55) . Quantitative PCR analysis of individual neurons (CXA) was employed to determine the number of latent HSV genomes in individual latently infected neurons (Fig. 8) . In those animals in which 17% of the neurons were latently infected, there was no significant difference in the average genome copy number between ⌬Tfi and ⌬TfiR (29 and 18 latent genomes per neuron, respectively; P ϭ 0.210; Student's t test) (Fig. 8A) . Likewise, no significant difference in genome copy number was seen in those animals described above in which latency was established in approximately 28% of the TG neurons (means were 60 and 32 in ⌬Tfi-and ⌬TfiR-infected ganglionic neurons, respectively; P ϭ 0.289; Student's t test) (Fig. 8B) .
Rare latently infected neurons contain very high numbers of latent genomes (36, 38, 40, 41, (53) (54) (55) (56) . In order to detect these very-high-copy-number neurons and compare this characteristic of ⌬Tfi and ⌬TfiR latent pools, samples containing 10 neurons each were analyzed, and again there was no significant difference seen between TG latently infected with ⌬Tfi and TG infected with ⌬TfiR (mean copy number per 10 neurons, 567 and 396, respectively; P ϭ 0.160; Student's t test) (Fig. 8C) . Thus, by adjusting inoculum titers of ⌬Tfi and ⌬TfiR, the number of latent infections established and the number of latent viral genomes present in individual neurons were made roughly equal, although the ⌬Tfi-infected neurons consistently contained a higher average viral genome copy number. Under these conditions, ⌬TfiR reactivated in vivo following hyperthermic stress, whereas ⌬Tfi was severely impaired. These results demonstrate that in contrast to what is seen for explant reactivation in vitro (9) , the region of the ICP0 promoter deleted from the ⌬Tfi mutant is required for efficient reactivation in vivo.
ICP0 is not required for the initial stages of reactivation in vivo.
In the experiments described above, the end point was the detection of infectious virus. While this assay fulfills the requirement for the functional definition of reactivation, it does not discriminate between the failure to enter the lytic cycle from the latent state (initiation of reactivation) and the inability to progress to infectious virus production after lytic-phase gene expression has begun. We have recently demonstrated using whole-ganglion immunohistochemistry that neurons latently infected with a TK null mutant do express lytic-phase viral proteins after induction in vivo; by definition, however, these neurons do not reactivate, since infectious virus is not produced (42, 45) . It is therefore possible to use this approach to discriminate between a requirement for ICP0 in the earliest stages of reactivation from its known functions for efficient viral replication. We employed whole-ganglion immunohistochemistry to examine whether viral proteins were expressed in neurons latently infected with dl1403, FXE, or ⌬Tfi following hyperthermic stress in vivo. The failure to detect viral proteins would indicate that ICP0 was required for the earliest steps in reactivation. Conversely, the detection of viral proteins would demonstrate that ICP0 was not required for the initiation of reactivation in vivo.
Counter to the hypothesis that ICP0 initiates reactivation from latency, neurons expressing lytic viral proteins were detected at 22 h after hyperthermic stress in the ganglia of mice latently infected with dl1403, FXE, or ⌬Tfi. About 46% (17/37) of the trigeminal ganglia from mice latently infected with the ICP0 deletion mutant dl1403 contained one or more neurons in which reactivation had been initiated (as evidenced by lyticphase viral protein expression) by 22 h after hyperthermic stress in vivo (Fig. 9A) . Clearly, these viral protein-positive neurons had exited the latent state (Fig. 9B) , although virus could not be detected (0/56) (Fig. 9A) . The frequency of ganglia containing one or more positive neurons was not different from that seen in mice infected with the wild type (7/12 [58%]; P ϭ 0.52; Fisher's exact test). In these mice, 6/12 ganglia tested were positive for virus, compared to 0/56 for the dl1403-infected mice (P Ͻ 0.0001) (Fig. 9C) . As expected from prior results (12, 37, 39) , no viral protein-positive neurons were detected in latently infected ganglia prior to hyperthermic stress (0/6 ganglia in each group) (Fig. 9D) .
In ⌬Tfi-and ⌬TfiR-infected mice, the percentages of ganglia containing one or more neurons expressing lytic-phase viral proteins at 22 h after hyperthermic stress were not different (7/12 and 6/12, respectively) (Fig. 9D) . Also, the number of neurons in which viral protein synthesis was initiated following hyperthermic stress in ganglia latently infected with the ⌬Tfi promoter mutant (10 neurons in 12 ganglia) was not different from that seen in ganglia latently infected with ⌬TfiR (11 neurons in 12 ganglia) (Fig. 9D) . Representative viral proteinexpressing neurons are shown in Fig. 9E , F, and G. Additional ganglia were examined for ICP0 protein expression poststress. Five of 12 ganglia from mice infected with ⌬TfiR were positive, whereas 0/12 ganglia from mice infected with ⌬Tfi were positive (P ϭ 0.037; Fisher's exact test) (Fig. 9D) . Taken together, these results demonstrate that ICP0 does not play an important role in the initiation of reactivation from latency and that the proper regulation of ICP0 is required for efficient progression to virus production once latency has been exited. 
DISCUSSION
Several converging lines of evidence have led to the hypothesis that the herpes simplex virus ICP0 gene is responsible for initiating reactivation from the latent state (reviewed in reference 11). In models of HSV quiescence in cultured cells, ICP0 can induce viral gene expression when provided in trans, and ICP0 either is or is not required for reentry into lytic-phase transcription depending on the model system (11, 15, 18, 25, 26, 60) . With animal models of HSV latency, it has proven difficult to directly test this hypothesis. In particular, the importance of ICP0 for general virus replication and for the efficient establishment of latent infections makes it critical to distinguish between the roles of this gene product during the acute stage of infection when latency is established and those during reactivation from latency per se. Additionally, the importance of ICP0 for virus replication is dependent the cell's physiological state (2) . Axotomy and explant of latently infected ganglia rapidly induces changes in neuronal physiology that do not occur during reactivation in vivo, and such changes could obscure the roles of viral proteins in this process (42) .
In this study, we employed methods that quantify latency and reactivation at the single-cell level in vivo (i) to evaluate the role of ICP0 in reactivation in the intact host and (ii) to test the hypothesis that ICP0 is required for the initiation of reactivation from latency. Our results demonstrate (i) that ICP0 function is required for efficient reactivation in vivo (ICP0 null mutants did not reactivate); (ii) that the promoter elements contained within the 350-bp deletion from the ⌬Tfi mutant that are fully dispensable during reactivation in vitro are critical for reactivation in vivo; and (iii) that ICP0 is not required for the efficient initiation of the lytic cycle from the latent state, but properly regulated ICP0 is required for the progression to infectious virus production once the lytic cycle has been initiated.
ICP0 function is required for efficient reactivation (infectious virus production) in vivo. Two well-characterized ICP0 null mutants, dl1403 (50) and FXE (10), were employed to determine the requirement for ICP0 for reactivation in vivo following hyperthermic stress (44) . As others have reported (1, 6, 15, 16, 20, 50) , ICP0 null mutants in strains KOS and 17synϩ reactivate in vitro. Halford and Schaffer demonstrated that ICP0 is important for efficient reactivation in vitro by use of quantitative kinetic assays (16) . In vivo, we show that functional ICP0 is critical for reactivation. No reactivation of dl1403 was detected in the 76 mice examined following hyperthermic stress. The levels of latency of the ICP0 null mutants were low; however, the parental strain, 17synϩ, did reactivate at these same low levels of latency. Further, neurons latently infected with dl1403 did express lytic-phase viral proteins with kinetics the same as those of neurons infected with the wild type following hyperthermic stress in vivo. However, it is formally possible that dl1403 would reactivate in vivo to some extent if high levels of latency could be established.
At these low levels of latency, mutant dl1403 does reactivate in 100% of the ganglia when ganglia are excised and placed into culture (50) . We emphasize that dl1403 exits the latent state in vivo following stress as efficiently as the wild type when the levels of latency are the same. However, a detectable level of infectious virus is not produced in the ganglia. The reason why ICP0 is required for the progression to virus production in vivo but not in the in vitro setting is not known. However, it seems likely that some change in the physiologic state of neurons that occurs in explanted ganglia is responsible for the suppression of the need for ICP0. We have shown that cell cycle-associated proteins such as geminin, cdk2, and cdk4 are rapidly upregulated in neurons within hours after explant. These physiologic changes are accompanied by gross morphological changes and neuronal apoptosis (42) . Our as-yet-unpublished studies utilizing chip array technology suggest that many additional host genes not altered following hyperthermic stress are up-or downregulated to a significant degree in explanted ganglia, and it is reasonable to anticipate that other parameters, such as the phosphorylation state of proteins, might also be altered in the in vitro setting. Any of these changes could be linked to the different reactivation phenotypes observed for ICP0 null mutants in vitro and in vivo.
ICP0 promoter elements dispensable during reactivation in vitro are essential for efficient reactivation in vivo. It is reasonable to assume that the proper regulation of the ICP0 gene in neurons would be important during reactivation. We have shown that promoter elements that map upstream of Ϫ145 in the ICP0 promoter are essential for expression in neurons (56) . However, Davido and Leib found that ⌬Tfi, which contains a 350-bp deletion between Ϫ70 and Ϫ420 in the ICP0 promoter, reactivated with wild-type efficiency and kinetics in vitro (9) . It was therefore of interest to determine how this mutant reactivated in vivo.
It was possible to adjust inoculum titers of ⌬Tfi and ⌬TfiR (a genomically restored isolate) so that all measurable parameters of latency, including the number of latently infected neurons and the number of viral genomes present in individual neurons, were similar. Following hyperthermic stress, only one animal latently infected with ⌬Tfi showed reactivation (2.5%), whereas 43% of the mice infected with ⌬TfiR showed reactivation. In contrast, the frequency of in vitro reactivation of ⌬Tfi 22 h postexplant was indistinguishable from that of the ⌬TfiR. Importantly, we have shown that the numbers of positive ganglia and the amounts of virus produced at 22 h postexplant and after hyperthermic stress are not different (42) . Since all ganglia (22 h postexplant and 22 h after HS) were processed and analyzed identically on an ICP0-complementary cell line, virus would have been detected if it had been produced in vivo as it was in vitro. Our results in vitro are in agreement with previous studies that showed that ⌬Tfi reactivated as efficiently and with the same kinetics as its genomically restored variant, ⌬TfiR, in explant (9) . The disparity between the findings in these systems emphasizes the importance of investigating putatively reactivation-associated processes in an in vivo setting as well as in vitro.
ICP0 does not initiate reactivation following hyperthermic stress in vivo. ICP0-related transcripts were detected in all latently infected ganglia assayed prior to stress. The production of virally related RNA during latency has previously been reported, but its biological significance is not yet known (4, 5, 19, 31, 33) . In contrast the findings of a previous report (5) , properly spliced ICP0 transcripts were not detected prior to stress in this study; this discrepancy may reflect differences in the virus strains or in the sensitivities of the assays employed. Spliced transcripts were detected at 1 h poststress, and this occurred concomitantly with the rapid upregulation of the ICP0 promoter. Clearly, the upregulation of the ICP0 promoter and the production of spliced ICP0 transcripts were early events, but it was not clear if the expression of ICP0 initiated reactivation. Indeed, we have shown that there is a posttranscriptional constraint on the production of ICP0 protein during reactivation in vivo that is mediated by LAT (56) , and so the detection of RNA does not necessarily correlate with the production of protein.
Whole-ganglion immunohistochemistry can be employed to detect viral proteins in neurons in vivo. Using this approach to examine hundreds of latently infected ganglia, we have determined that prior to stress about 1 in 15 ganglia latently infected with strain 17synϩ contain a single positive neuron (ϳ6.7%) (39, 42, 45) , consistent with the observations of others (12, 17, 29, 47) . At 22 h poststress, ϳ70 to 80% of the ganglia contain one or more positive neurons (39, 42, 45) . Importantly, using this assay we have demonstrated that thymidine kinase mutants which do not reactivate (produce infectious virus) do enter into the lytic cycle at the same frequency as the rescued and parental strains at the same level of latency (42, 45) . In this report, we utilized this approach to investigate for the first time whether mutations in the ICP0 gene result in reduced ability to exit the latent state or a reduced ability to produce infectious virus once latency has been exited.
The fact that viral proteins were detected in ganglia latently infected with dl1403 at 22 h after hyperthermic stress demonstrates that ICP0 is not required for the earliest stages of reactivation (initiation of reactivation). Importantly, the ICP0 null mutant exited latency (initiated reactivation) as efficiently as the parental strain when levels of latency were the same. These initiated reactivation events did not progress to infectious virus production, but reactivation was begun, as defined by a switch from latency to lytic-phase viral protein expression.
Interpreting the findings with ⌬Tfi is complicated, because this mutant is capable of producing fully functional ICP0. Abundant ICP0 protein was detected in ganglia acutely infected with ⌬Tfi (not shown), consistent with the detection of significant levels of ICP0 mRNA in ganglia (9) . However, ICP0 protein, readily detected in ganglia latently infected with ⌬TfiR poststress, was not detected in ganglia latently infected with ⌬Tfi poststress (Fig. 9 ). In these same ganglia, the numbers of neurons expressing other lytic-phase viral proteins were not different between the two groups (Fig. 9) . Thus, the absence of detectable ICP0 did not reduce the capacity of ⌬Tfi to enter the lytic phase from the latent state. Taken together with the findings presented above for the ICP0 null mutant, we conclude that ICP0 does not appear to play any important role in the initiation of reactivation from latency. Rather, the proper expression of functional ICP0 is important for progression to virus production once reactivation has been initiated by some as-yet-unknown mechanism.
